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METHODS OF DETERMINING BRUSH LOSSES DUE TO 
CONTACT AND FRICTION 

BY. H. R. EDGECOMB AND W. A. DICK 

ABSTRACT OF PAPER 

1. Contact voltage losses are caused by resistance of contact between 
brush and slip ring or commutator. Their values are affected by com
position, pressure, temperature, humidity, current density, etc. Test 
apparatus should control and accurately record all these variables. 

Two surface variations, which may cause large errors, have been inves
tigated: (1) The change in the surface of the brush due to continued 
passage of current causes large momentary fluctuations in the values of 
contact voltage loss. (2) The thin coating of carbon which adheres to 
the commutator surface decreases contact voltage loss values by forming 
a conducting medium between brush and commutator. 

The complexity of the problem is shown by the large number of vari
ables, each of which materially affects the contact voltage loss. It is 
proposed to record the effect of these variables for each brand of brush 
on standard tabular and diagrammatic forms. 

2. The value of the power loss due to brush friction is affected by com
position, angle of brush, surface conditions, speed, pressure,etc. Com
mercial tests are not sufficiently accurate to be of use in getting standard 
values. Such values can only be obtained when test apparatus is used 
which controls and records all the variables. 

Curves and formulas are proposed which record the effect of the prin
cipal variables on each brand of brush. 

In conclusion it is urged that tests to determine comparative values 
for losses due to contact and friction should be made under ideal con
ditions and that the values thus obtained are more dependable than those 
of commercial tests now being made, and should supersede them. 
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METHODS OF DETERMINING BRUSH LOSSES DUE 
TO CONTACT AND FRICTION 

BY H . R. EDGECOMB AND W . A. DICK 

1—DETERMINATION OF CONTACT VOLTAGE LOSSES 
I. Introductory. Losses in voltage at the brushes of an electric 

machine are caused primarily by high resistance contact between 
the brushes and the rotating element (slip ring or commutator). 
Augmenting this contact resistance voltage loss there is, as stated 
by F. W. Carter, in Electrical World, June 29, 1912, an ionization 
voltage induced at the point of contact between the brush and 
the rotating part. 

The value of the voltage loss resulting from these two causes 
is affected by : (a) composition and physical characteristics of 
brush; (b) composition and surface of rotating part; (c) fit of 
brush in holder; (d) brush pressure; (e) peripheral speed of 
rotating part; (f) specific resistance of brush; (g) design con
ditions which control reversal of current under brush; (h) tem
perature; (i) humidity; (j) current density; and (k) lubrication. 
The first seven of these may be made constant for a given test, 
the last four are more or less variable. It is the fact that the 
test readings indicate the composite effect of these variables that 
makes them so difficult to analyze. This has led certain brush 
manufacturers to state that they are fortunate if they can 
check results within 25 per cent. Our experience bears out this 
statement.. 

I I . Apparatus. The ideal test apparatus for determining 
voltage losses due to contact should have facilities for varying 
pressure, speed, composition of rotating part, temperature, 
humidity, current density and lubrication, and for accurately 
measuring degree of variation. Specific resistance, composition 
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of brush and design conditions are of course constant for any 
given test. The range of variât on should be as follows: brush 
pressure, 0 to 10 lb. per sq. in. (0 to 703 g. per sq. cm.) ; peripheral 
speed, 500 to 10,000 ft. (152 to 3048 m.) per. min. ; composition of 
rotating part, copper, brass, bronze, steel and cast iron for col
lector rings and copper-mica, plain and undercut, for commu
tators; temperature, up to 100 deg. cent.; humidity up to 100 
per cent saturation; current density up to the glowing point of 
the brushes being tested. Amount of lubrication may be meas
ured by weight. It is assumed that apparatus for these tests 
must be sufficiently massive to prevent vibration and that the 
electric circuits should be of ample cross-section. Apparatus 
should be direct-connected to a source of power in preference to 
being belted, as the variation in speed and the vibration due to 
the belt sometimes seriously affect the test. 

Most testing outfits are arranged to provide for measuring all 
these variables and for controlling all except humidity and tem
perature. Humidity has such an important part in voltage losses 
that unless it is controlled the record of a test will be seriously 
affected, and as far as we know, no attempt to do this has been 
made up to this time. For the control of temperature, however, 
Dr. Arnold has used an electrically heated collector ring and his 
researches as recorded in Elektrotechnische Zeitschrift, March 21,. 
1907 have established a very useful set of facts concerning effect 
of temperature on commutation. 

The apparatus used in getting the results later referred to (Figs. 
1 and 2,) consists of a d-c. generator, the commutator of which 
has its bars short-circuited by a number of turns of copper wire 
soldered around the neck. Six ingoing and six outgoing brushes 
were used. These were well plated and shunted. Fine copper 
wire was bound tightly into a groove around the brush near the 
contact point and insulated leads were brought out along a 
beveled corner of the brush. A power-operated controller con
nected the brushes consecutively with a graphic voltmeter mak
ing records of about 15 sec. duration for each brush. The re
turn was through a copper leaf brush bearing on the shaft which 
was grounded to the commutator. The records consisted of a 
series of dots and indicate quite accurately, the range of travel 
of the voltmeter needle. 

Temperature measurements were made with the potentio
meter, using thermocouples inserted in the brushes near the con
tact surface. Current was measured by an indicating ammeter. 
Humidity was measured by a hygrodeik. 
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The graphic meter was frequently calibrated and on its record 
strip was entered the log of the test, including current density, 
voltage drop for each brush, temperature, humidity and indi
vidual brush pressure. 

Ill—Surface Variations. In addition to the variations in 
brush drop due to causes previously mentioned, the graphic 
meter has identified two other sources from either of which there 
might be at least 50 per cent variation on voltage loss. 

At the beginning of the test the brushes were fitted as carefully 
as possible and the machine was run for a day without load 
to insure a good brush contact. The current was then applied 
and after a steady temperature was attained it was noted that 
the voltmeter showed relatively small momentary fluctuation* 
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about 6 per cent (Fig. 3.) The test was continued for 13 hours 
and during this time the fluctuation increased to 29 per cent. 
This was checked several times by running the commutator with
out current for about ten hours and repeating test with practically 
the same results. During these tests nothing was done to the 
surface of the commutator. 

It is evident that this fluctuation in voltage drop is related to 
the surface condition of the brush due to the passage of current, 
as it was controlled by polishing the brush without voltage. We 
may assume that a disintegrating action takes place, due to 
the passage of current, which either reduces the actual surf ace 
contact or which momentarily separates the brush from the 
commutator, or which causes migration of the points of contact 
over paths of greater or less resistance. 
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The second source of variation has to do with the surface con
dition of the commutator. After a week's run with current on, 
when conditions have become as stable as possible the commutator 
was wiped with clean filter paper and the removal of the surface 
coating caused an instantaneous increase in the voltage drop, 
particularly at the ingoing brush. Return to normal conditions 
occurred in about an hour. Analysis of the material removed 
showed it to be all carbon, none of the copper oxide having been 
removed. 

As a probable explanation of this phenomenon it is suggested 
that the fine carbon dust which adheres to the commutator 
serves as a plastic medium between brush and commutator, 
adjusting itself to each brush, giving better contact and less volt
age loss. 

These two causes of variation are brought out because they 
must be reckoned with in any test for contact voltage loss. It is 
essential to accurate results that all tests be made under the same 
conditions and this implies the avoidance of the unstable periods 
referred to. 

Another effect, perhaps of minor importance, was recorded by 
the graphic meter. At one time the room, was filled with dust and 
this caused a very marked amplitude in the voltage fluctuations, 
probably due to the introduction of the particles of dust under 
the brush and its consequent separation from the commutator. 

IV. Variation Due to Materials and Operating Conditions. 
a. Composition and physical characteristics of the brush: 

Relative density, proportion of graphitic to plain carbon, the 
percentage of metal, the percentage of non-conducting abrasive 
material in the composition, and the temperature, time and man
ner of firing, all play an important part in determining the con
tact voltage loss. 

b. Composition and surface of rotating part: Voltage loss 
will be less for material which does not form a non-conducting 
oxide on its surface. It was noted that brass collector rings con
taining zinc became coated with an oxide which increased the 
contact resistance. The oxide was removed with acid and the 
resistance reduced. Voltage loss is probably increased by the 
glaze or polish which results from operating a machine. 

c. Fit in holder: Continuous contact between brush and 
rotating part is seriously affected by the inaccuracies of fit of 
the brush in the brush holder. 

d. Brush pressure: It is the practise of brush manufactur-
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ers to make contact drop tests at the pressure considered most 
suitable for the brush being tested, and for this reason very few 
data on the effect of brush pressure are available. I t is known, 
however, that contact voltage loss varies inversely with brush 
pressure and as increased pressure causes increased friction, 
the resulting temperature rise should further decrease the voltage 
loss. 

e. Peripheral speed: Contact voltage loss will increase with 
peripheral speed because the contact between the brush and 
rotating part will be made less intimate by the increased jumping 
of brush due to irregularities on the surface of rotating part. 

10 20 30 iO 50 60 70 80 U0 100 120 
TIME-MINUTES 

FIG. 4 

f. Specific resistance of brush: Contact voltage loss may be 
expected to vary with the specific resistance of the brush. 

g. Design conditions:, This feature is not considered, as it is 
outside the scope of this paper. 

h. Temperature: The temperature effect accompanying the 
passage of current through a brush—commutator circuit is shown 
in Fig. 4. The maximum efficient temperature appears to be 
determined either by the glowing point of the carbon or by the 
amount to which the specific resistance of the brush can be re
duced by heating and not cause excessive sparking due to short-
circuited coils under the brush. The most efficient point may, 
however, be higher than it is desirable to use in actual practise. 
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i. Humidity: Fig. 5 shows a somewhat remarkable relation 
between contact voltage loss and humidity. In a run of fifty 
hours the contact drop curve rises and falls with the humidity 
curve. The fact that the amounts of increase and decrease are 
not always proportional can be credited to other definite causes 
such as temperature, surface variation, etc. 

j . Current density: Voltage loss will increase with current 
density. 

k. Lubrication : The use of local lubrication is not viewed with 
favor on account of the resulting gumming of the commuta
tor. Some manufacturers add lubricants to the brushes by 
impregnation and graphitic brushes are made to depend upon 
their graphite for lubrication. The effect of a lubricant upon 
contact voltage loss is clearly a question of the conductivity or 
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non-conductivity of the lubricant used. Graphite should be a 
less harmful lubricant than paraffin for this reason. 

V.Conclusions and Recommendations. When the tests which 
have been recorded in this paper were begun it was with a con
viction that unless the variables which have been the despair 
of investigators could be eliminated or controlled, very little 
profit would result from further tests. With means for identify
ing and controlling these variables, we believe results should 
check within 5 per cent instead of 25 per cent, and if brush manu
facturers have means for accurately determining the character
istics of the brushes now being produced, they will certainly 
be better able to develop new brushes having better character
istics. 

To arrive at a definite figure for the voltage loss due to con-
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tact which may be expected from each brand of brush it is essen
tial that tests be made under uniform conditions, particularly 
as to brush pressure, peripheral speed, surface conditions, com
position and diameter of rotating parts, temperature, humidity 
and current density. 

Fig. 6 presents a typical set of curves for recording the data 
pertaining to each kind of brush. These include the more im
portant characteristics: current density, temperature, pressure 
and contact voltage loss. Suitable multipliers are to be used to 
cover composition of rotating part, speed and humidity. 

Because of the limited time for making tests the actual voltage 
loss values for the principal types of brushes cannot be presented 
in this paper. A complete statement of these figures may be 
expected at a later date. 
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2—DETERMINATION OF FRICTION LOSSES 
Primarily, brush friction is the resistance to motion which 

occurs when the surface of a revolving commutator or slip ring 
slides against the surface of a stationary brush. 

The problem is a mechanical one and its discussion should con
sider : 

I . The friction formula with reference to modifications for 
dry surfaces. 

I I . Test methods and apparatus. 
I I I . Convenient units for expression of brush friction values. 
IV. Effect on brush friction of composition of revolving 

part of brush, and angle of brush, of surface condition of revolv
ing part, of peripheral speed, of brush pressure and of contact 
area of brushes. 

V. Proposed formulas and typical curves for use of designer 
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I. The friction formula for perfect contact conditions is ex
pressed as follows: 

K =jf or F = KN 

in which K = coefficient of friction. 
F = force required to make one body slide on another. 
N = normal pressure. 

In the case of dry surfaces, F will be less than K N up to a cer
tain value for iV, after which F will rapidly increase until seizure 
occurs. This feature as it affects seizure does not enter into usual 
brush tests because the pressures are all well below the critical 
point. 

II . Tests for brush friction have been made in two ways: 1st, 
electrically, by measuring watts expended in overcoming fric
tion of brushes, and 2nd, mechanically, by weighing directly the 
friction resistance of brushes pressing against a rotating element. 

When the electrical method is used the machine under test 
is connected to a source of power with facilities for measuring the 
power used. The difference between the power required to 
maintain rotation with brushes resting on rotating element and 
the power required when the brushes are removed is the result 
desired. This method is used in all commercial tests. Too many 
variables, however, render it unfit for use in investigating the 
laws of brush friction. We have noted variations of 100 per 
cent within a few minutes. For this reason the comparison of 
commercial tests on a large number of machines gives very little 
reliable information. 

In the mechanical method the brushes are supported in a deli
cately balanced cage, mounted on ball bearings and provided with 
an arm attached to a spring. This spring resists the tendency 
to revolution due to friction of brushes and its extension is 
measured in desired terms on a dial, the direct reading of which 
eliminates calculation errors. An apparatus of this kind, as 
used by a leading brush manufacturer, is shown in Fig 7. 

If a strict comparison of the coefficients of friction of a number 
of brush samples is desired, more accurate results will be ob
tained if the rotating part is a solid ring, preferably copper, with 
an accurately polished surface. It must be remembered, how
ever, that the behavior of the brush on this nearly ideal surface 
will be different from its behavior on a commutator having mica 
segments. It is suggested that this difference be accounted for 
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by a system of multipliers as follows; (a) a set of constants rep
resenting the difference between the surface of the test appara
tus ring and the surface of cast iron, steel, bronze, and brass 
rings and of copper commutators, all assumed to be as well 
polished as the test ring; (b) a set of constants representing the 
difference between the surface of a " green " or freshly turned 
and sandpapered rotating part and the surface of a well polished 
rotating part; (c) a set of constants representing the difference 
in friction due to the angle of the brush. 

I I I . The results of brush friction may be expressed in three 
ways: (a) coefficient of friction, the value of which may be com
puted from readings obtained electrically or which may be read 
directly from the dial in the mechanical method, (b) watts 
consumed due to brush friction, which is obtained, as stated, by 
the first test method, also by calculations to be mentioned later; 
(c) percentage of total input, calculated from (b). 

IV. The effect of materials and operating conditions may be 
detailed as follows : When two materials slide on each other their 
coefficients of friction vary with the nature of either or both of 
the materials. Each of a large number of carbon brush com
positions gives a different coefficient when bearing on the same 
revolving part. Each of the materials used for slip rings and 
commutators, such as iron, steel, bronze, and copper, gives a 
different coefficient on the same brush. In the case of brush 
composition, friction increases with the hardness and the amount 
of abrasive, and decreases with increase of graphite and with the 
addition of other lubricant. ' Metal-carbon brushes have more 
friction than plain graphite and about the same as the harder 
carbon brushes, the friction increasing with the percentage of 
metal in the brush. Slip ring friction is assumed to be the great
est for cast iron and least for copper, values for the metals gener
ally used decreasing in the following order: cast iron, steel, 
bronze, brass and copper. 

Friction is lowest when brushes are mounted at an obtuse 
angle with the approaching surface of the rotating part. It is 
greatest when they are mounted at an acute angle with this 
approaching surface. Some of this effect is due to the contact 
of the brush with the walls of brush holder when the box type is 
used. 

Friction is greater when the surface of the rotating part is 
rough and less when it is well polished. Increasing peripheral 
speed decreases coefficient of friction and friction generally in
creases with brush pressure. 
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V. In the preparation of formulas and curves for the use of the 
designer we must consider the six variables presented under 
section IV, as they all effect the value of the friction coefficient. 
A series of diagrams is proposed, one for each brand of brushes. 
These diagrams should have separate curves for the various 
pressures to which the brush is adapted such as the set of curves 
for one brand shown in Fig. 8; they should show the variation 
in coefficient due to change in peripheral speed, and they should 
give the factors used in modifying coefficients to agree with angle 
of brush, material and surface condition of rotating part. 

With a dependable value for the coefficient of friction the 
power consumption expressed in watts may be calculated, using 
the formula: 

watts consumed = 0.0226 P A V K 
746 in which 0.0226 represents the ratio 

1000 2000 3000 4000 5000 G000 7000 8000 
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FIG. 8 

P = normal brush pressure in lb. per sq. in., 
A = total contact area of brushes in sq. in. 
V = peripheral speed of rotating part in ft. per min., 

and 
K = coefficient of friction (adjusted to suit con

ditions) . 
In this connection it is interesting to note that a great many 

formulas are extant, mostly empirical, for determining watts 
input. Eight of these now in use were applied to a concrete case, 
with results varying from 910 to 3450 watts. It is likely that 
the tolerance of these widely varying formulas is explained on the 
ground that they will all check with actual tests depending on 
the operating conditions existing at the time of the test. 

I t is possible that other values might be profitably substi
tuted for " Coefficient of friction," in Fig. 8. For example, 
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<< watts consumed per pound pressure per inch diameter of rotat
ing part " would put the values into convenient form for use on 
the testing floor. 

Because of the limited time for making tests the actual friction 
coefficients for the principal types of brushes cannot be presented 
in this paper. A complete statement of these figures may be 
expected at a later date. 

GENERAL CONCLUSIONS 

In discussing brush losses due to contact and friction we have 
done little more than indicate the avenues along which investi
gation should proceed and the nature of the results which will be 
useful to designing engineers. Some troublesome variables have 
been pointed out, the controlling of which should materially 
increase the accuracy of results. 

Because of the complexity of these tests and the length of time 
and expense of apparatus necessary to produce dependable re
sults it may be argued that commercial tests, those made on 
machines actually in course of manufacture and awaiting ship
ment, should be sufficient to give all necessary information. 
Our experience in attempting to correlate results of such tests 
and establish laws therefrom has been exceedingly discouraging, 
and we are convinced that improvements in the design of elec
trical apparatus as related to brushes and in the quality of the 
brushes themselves must result from the establishment of more 
accurate values for the losses due to brush contact and friction. 

There is also every reason to believe that accurate values thus 
established will be found so much more reliable than actual per
formance tests that they will be substituted for such tests in the 
majority of cases. 


